In this study, a novel chlorination technique for metallic titanium (Ti) was devised in order to establish a recycling process that uses both Ti metal scrap and iron chloride (FeCl x ) waste, and its feasibility was demonstrated. Direct reaction between Ti and FeCl x has drawbacks such as slow kinetics of Ti chlorination and high volatilization of FeCl x . To overcome these, the authors proposed a chlorination technique utilizing a reaction mediator in molten salt. Based on thermodynamic analyses of lanthanoid chlorides, some fundamental experiments were carried out with samarium trichloride (SmCl 3 ) as a reaction mediator. It was experimentally demonstrated that SmCl 3 in molten magnesium chloride (MgCl 2 ) can smoothly chlorinate Ti metal into gaseous titanium tetrachloride (TiCl 4 ), and the by-product SmCl 2 in the molten salt can be regenerated into SmCl 3 by FeCl 2 . Thus, SmCl 3 in a molten salt works efficiently as a reaction mediator, and the newly proposed chlorination technique has the potential to make the Ti recycling process more efficient and environmentally friendly.
Introduction
The recycling of metallic titanium (Ti) is becoming more attractive as the demand for Ti and its alloys increases in various fields such as the aerospace, chemical, and power generation industries. In particular, the world production volume of Ti products increased from around 50 kt in 2000 1) to around 150 kt in 2012, 2) and the generation of Ti metal scrap has also been rising accordingly. For the foreseeable future, the aerospace industry, which is the major consumer of Ti alloys, is expected to develop steadily. 3, 4) Furthermore, Ti has a high potential to be a common metal in the future because its mineral resources are abundant. Thus, an effective method for recycling Ti should grow increasingly important in the future.
A large amount of Ti metal scrap including off-grade products is generated during the titanium smelting and metal working processes. Figure 1 shows the typical flowchart for production of metallic Ti products from ores. Currently, ingots of Ti or its alloys are produced by the Kroll process, 57) which consists of four major steps: carbo-chlorination to convert a high-grade titanium oxide (TiO 2 ) feed into titanium tetrachloride (TiCl 4 ), magnesiothermic reduction of TiCl 4 to produce Ti sponge, remelting of Ti sponge in a vacuum arc furnace or an electron beam furnace, and molten electrolysis of magnesium chloride (MgCl 2 ) to regenerate magnesium (Mg) and chlorine gas (Cl 2 ). The Kroll process has the essential advantage of producing high-purity titanium with low oxygen content. However, magnesiothermic reduction is a slow, batch-type process using steel chamber. As a result, a part of the Ti sponge produced is contaminated by iron (Fe) diffused from the inner wall of the reactor. Although the extent of Fe contamination depends on the reactor size and operating conditions, about 1020% of the produced sponge becomes off-grade as the feed for the following remelting process. 8, 9) Furthermore, during the metal working from ingots to final products, a variety of scraps such as swarf, slab crop ends, and machined bar ends are generated in large quantities. In the United States in 2004, about 66% of the ingots produced by remelting process became scraps during the fabrication into final products. 10) These Ti metal scraps generated during metal working contain various alloying elements and impurities. Essentially, current Ti remelting techniques have little or no refining capability for major impurities such as oxygen (O) and Fe. 11, 12) Therefore, only metal scraps with low levels of contamination and that are well-sorted by alloy composition, i.e., high-grade scraps, are remelted and returned to ingots. Currently, the low-grade scraps unsuitable for remelting are reused as additives in the production of steel, aluminum (Al), copper (Cu), etc., 9, 13) or are discarded as waste. For example, off-grade Ti sponge, which is preliminarily converted into ferro titanium in some cases, is added to steel for deoxidation and/or to improve its mechanical properties. Considering the high production cost of metallic Ti, however, it is desirable to upcycle such low-grade scrap.
In the Kroll process, a considerable amount of chloride waste products, such as iron chlorides (FeCl x , x = 2, 3), are also generated, as shown in Fig. 1 . This waste causes several problems such as chlorine loss, high disposal cost, and environmental issues.
1417) To the best of our knowledge, these chloride wastes are currently discarded after hydrometallurgical processing because effective methods to recycle or treat them have not been established. It is also notable that chloride wastes are also discarded in the TiO 2 pigment industry, where they cause similar problems. TiO 2 pigment is commercially produced by the chloride process or sulfide process. 6, 18) In the chloride process, TiO 2 feed is first converted into crude TiCl 4 by carbo-chlorination, crude TiCl 4 is purified through condensation and distillation, and then TiO 2 pigment is obtained by reoxidation of the purified TiCl 4 . Currently, about 9095% TiO 2 feed is used for the Kroll process and chloride process. However, the price of high-grade TiO 2 feed has increased, and the usage of lower grade feed has been increasing accordingly. In the future, chloride waste generation will grow considerably with increases in the Ti production volume and decreases in the grade of TiO 2 feed used.
Against this background, the authors are investigating the recycling process shown in Fig. 2 , where Ti metal scrap is chlorinated into TiCl 4 by using FeCl x waste. The basic concept of the process shown in Fig. 2 was first suggested by Matsuoka and Okabe in 2005. 14) Recovery of Ti in the form of TiCl 4 is advantageous for impurity control and is, therefore, favorable for recycling low-grade scrap. Moreover, this recycling process can minimize problems associated with chloride waste disposal. In particular, the recovery of chlorine in the chloride waste should decrease the loss of the chlorine circulating in the Kroll process and chloride process, because the recovered TiCl 4 can be used as feedstock for the production of Ti sponge and TiO 2 pigment. Furthermore, large amount of the FeCl x used in this process could be produced by the direct removal of Fe from low-grade Ti ore such as ilmenite using selective chlorination, as established in many fundamental studies. 14, 1929) Recently, the selective chlorination using TiCl 4 as a chlorinating agent was demonstrated experimentally. 29) Thus, a process for recovering TiCl 4 from Ti metal scrap and FeCl x waste should improve the efficiency of this upgrading process.
Thus far, researchers have conducted fundamental experiments by directly reacting metallic Ti with FeCl 2 (m.p. = 950 K) at 9001200 K, 1416) and the progress of the following reaction was confirmed:
TiðsÞ þ 2FeCl 2 ðs or lÞ ! TiCl 4 ðgÞ þ 2FeðsÞ ð1Þ
However, the direct reaction between Ti and FeCl x demonstrated previously poses significant technical problems. The most significant one is the slow kinetics of the chlorination reaction. As a preliminary experiment, the authors heated thin Ti rods (º = 3.0 mm, diameter; l = ³10 mm, length) in an excess amount of molten FeCl 2 at 1100 K in Ar atmosphere. However, the chlorination of Ti substantially stopped in a few hours, although large amount of FeCl 2 remained in the reaction system, and 93% of the Ti rod remained unreacted even after 6 h reaction (see Fig. 9 (a) in section 4.1). Furthermore, the high volatilities of FeCl x make the efficient reaction between Ti and FeCl x difficult. The calculated vapor pressure of FeCl 2 is as high as 1.1 © 10 ¹1 atm at 1100 K, and that of FeCl 3 exceeds 1 atm above 610 K (see Fig. 7 in section 2.4). 30) During the heat treatment for chlorination, FeCl x is easily volatilized out of the reaction system. In this study, to overcome the abovementioned technical problems, the authors propose a new chlorination technique utilizing a reaction mediator salt with low vapor pressure. The feasibility of the proposed technique is demonstrated based on thermodynamic analyses and fundamental experiments.
Principle and Thermodynamic Analyses
2.1 Principle of the chlorination technique using a reaction mediator The chlorination reaction demonstrated previously is based on direct physical contact between Ti and FeCl 2 , as schematically illustrated in Fig. 3(a) . In this case, the rate of chlorination reaction rapidly decreases as solid Fe deposited by the reduction of FeCl x covers the Ti surface and acts as a strong kinetic barrier. Figure 3(b) shows the new reaction pathway proposed by the authors.
3133) The chlorination of Ti by FeCl x is separated into two reactions in a molten salt: (A) the chlorination of Ti by a reaction mediator (RCl n in Fig. 3(b) ) and (B) the regeneration of the reaction mediator by FeCl x . TiCl 4 is poorly soluble in molten salt.
3436) Thus, the TiCl 4 produced in reaction (A) should diffuse into a gas phase. The reaction mediator is reduced into its subchloride (RCl n¹¤ in Fig. 3(b) ) by reaction (A). However, the produced subchloride is soluble in molten salt and does not cover the surface of Ti as a solid product. Therefore, the chlorination reaction (A) is expected to proceed continuously and quickly. In reaction (B), the subchloride of the reaction mediator is chlorinated by FeCl x in the molten salt to regenerate the reaction mediator, and solid Fe is obtained as a by-product.
The proposed technique is favorable for suppressing the volatilization of FeCl x from the reaction system. This is because the activity of FeCl x is reduced by dissolution in a molten salt. Furthermore, the reaction temperature may be decreased by using an appropriate molten salt as the reaction system. For these reasons, by alternating reactions (A) and (B), TiCl 4 is expected to be recovered effectively from Ti metal scrap and chloride waste.
Thermodynamics of lanthanoid chlorides
To find metal chlorides that are suitable as reaction mediators, different lanthanoid chlorides (LnCl x , Ln: lanthanoid element, x = 2, 3) were examined in this study. Lanthanoid elements are usually present as trivalent ions in their compounds, although some are known to form dichlorides under certain conditions. 37, 38) In 1998, Uda et al. 39, 40) reported the magnesiothermic reduction of Ti by DyCl 2 in molten salt as a reaction mediator. However, to the best of our knowledge, chlorination of metallic Ti utilizing a reaction mediator salt has not been reported. Figure 4 shows the chemical potentials of chlorine, Á® Cl 2 (¼ RT ln p Cl 2 ), corresponding to Ln/LnCl 2 and LnCl 2 /LnCl 3 equilibria at 1100 K, which were calculated using thermodynamic data available in the literature. 30, 41) In Fig. 4 by FeCl x . According to the simplified thermodynamic calculation, it is expected that samarium trichloride (SmCl 3 , m.p. = 950 K) can act as a reaction mediator.
Thermodynamics of the Sm-Ti-Cl system
The feasibility of the chlorination of Ti by SmCl 3 , i.e., reaction (A) in Figure 3(b) , is further discussed in terms of the chemical potential diagram for the Sm-Ti-Cl system shown in Fig. 5 . The calculation was carried out at 1100 K using thermodynamic data from the literature.
30) The activity of all chemical species was assumed to be unity. Intermetallic compounds are not present in the Sm-Ti system, and the mutual solubility of Sm and Ti is negligibly small at 1100 K. 42) As far as the authors know, the double salts (or complex chloride compounds) of SmCl x and TiCl x have not been reported.
In Fig. 5 , the most stable phases are shown as faces, and the intersections between faces represent the phase equilibria. Figure 5 clearly shows that Ti cannot coexist with SmCl 3 at 1100 K, and SmCl 3 equilibrates with TiCl 4 and SmCl 2 at potential point ¡. This means that when a sufficient amount of SmCl 3 exists in the reaction system, Ti is chlorinated into TiCl 4 Fig. 5 , the effects of molten salt solvents, such as decreases in activities of some chlorides upon dissolution, are not considered. However, the following chlorination reaction is expected to proceed in the molten salt system at 1100 K:
TiðsÞ þ 4SmCl 3 ðl, in molten saltÞ ! TiCl 4 ðgÞ þ 4SmCl 2 ðl, in molten saltÞ ð4Þ
Thermodynamics of the Sm-Fe-Cl system
To further discuss the regeneration of SmCl 3 by FeCl x , i.e., reaction (B) in Fig. 3(b) , the chemical potential diagram for the Sm-Fe-Cl system was described. Figure 6 shows the diagram for the Sm-Fe-Cl system at 1100 K calculated using the reported thermodynamic data. 30, 43) Figure 7 shows the calculated vapor pressures of metal chlorides as functions of reciprocal temperature. The total vapor pressures of the monomer and dimer are plotted for SmCl 3 , FeCl 2 , and FeCl 3 . The vapor pressures of SmCl x were evaluated using the thermodynamic data summarized by Chervonnyi. 41) The vapor pressures of SmCl 2 and SmCl 3 are 7.6 © 10 ¹7 and 4.9 © 10 ¹5 atm, respectively, at 1100 K, which are both considerably lower than those of TiCl 4 and FeCl x . Thus, the reaction mediator and its subchloride are not volatilized from the molten salt during the chlorination reactions, which is advantageous for the use of SmCl 3 as a reaction mediator dissolved in molten salt.
Vapor pressures of metal chlorides

Experimental
Materials
Fundamental experiments were carried out to demonstrate the feasibility of the proposed chlorination technique utilizing SmCl 3 as a reaction mediator. MgCl 2 (m.p. = 987 K) was selected as the molten salt solvent because it is unreactive with Ti, FeCl x , and SmCl x , as evidenced by the thermodynamic calculation shown in Fig. 4 , and because it is available as a by-product during titanium smelting, as shown in Fig. 1 . Table 1 lists the starting materials used in this study. Prior to the experiments, the MgCl 2 -SmCl 3 mixed salt was prepared by melting a mixture of MgCl 2 and SmCl 3 reagents in a molar ratio of about 1 : 1. This mixture was loaded in a carbon crucible, vacuum dried at 473 K for 12 h, and immediately heated at 1100 K for 0.5 h under a high-purity Ar atmosphere (>99.9995%). The obtained mixed salt was removed from the crucible and then pulverized in an agate mortar (see Fig. 9 (b) in section 4.1). To avoid the adsorption of water from ambient air, the weight measurements of the two reagents and the pulverization of the obtained salt were carried out inside a glove box under a high-purity N 2 atmosphere. The composition of the synthesized MgCl 2 -SmCl 3 mixed salt was regarded as MgCl 2 -50 mol% SmCl 3 based on the mass of the melted reagents.
Chlorination of Ti by SmCl 3 reaction mediator in molten salt
The experimental apparatus used for the chlorination reactions is shown in Fig. 8(a) . The Ti rod (0.389 g, weight; º = 3.0 mm, diameter; l = 12 mm, length) and the MgCl 2 -SmCl 3 mixed salt (17.18 g, white powder) were loaded in the carbon crucible (º = 24 mm, I.D.; d = 70 mm, depth) inside the glove box. The molar ratio of Ti, SmCl 3 , and MgCl 2 in the crucible was 1 : 6 : 6 based on the masses of the loaded samples. This means that 1.5 times more SmCl 3 is loaded than the stoichiometric amount for reaction (4) . The carbon crucible containing the samples was positioned in a vertical gas-tight reaction chamber consisting of a quartz tube (º = 41 mm, I.D.; l = 450 mm, length) and a borosilicate glass unit (º = 41 mm, I.D.; l = 120 mm, length). After that, the samples were dried under vacuum at 473 K for more than 12 h.
Before the chlorination experiment was started, the inside of the reaction chamber was replaced by high-purity Ar gas. Then, the reaction chamber was introduced into a vertical furnace at an elevated temperature to keep the samples in the crucible at 1100 K for 1 h under an Ar atmosphere. The temperature distribution in the reaction chamber is shown in Fig. 8(b) . During the heat treatment, high-purity Ar gas was flowed at 100 ml·min ¹1 through the upper part of the reaction chamber. The TiCl 4 gas generated from the crucible was expected to diffuse upward following the temperature gradient and then be carried to the outlet by the Ar current. The outlet gas was bubbled into deionized water before being discharged. After the heat treatment, the gas flow was stopped. Then, the reaction chamber was subsequently removed from the furnace and cooled. The reaction product in the carbon crucible, which is called salt-1 in this paper, was collected and crushed inside the glove box.
3.3 Regeneration of SmCl 3 reaction mediator by reacting with FeCl 2 A portion of salt-1 (9.162 g) obtained in the previous experiment was mixed with FeCl 2 (2.752 g) and then reacted at 1100 K for 1 h under an Ar atmosphere. Given that the Ti rod was completely chlorinated by reaction (4) in the previous experiment, the composition of salt-1 is estimated to be MgCl 2 -33 mol%SmCl 2 -17 mol%SmCl 3 . If this estimation is correct, the samples in carbon crucible contain SmCl 2 and FeCl 2 in a molar ratio of 1 : 1.
The mixture of salt-1 and FeCl 2 was loaded in the carbon crucible inside the glove box and then placed in the reaction chamber shown in Fig. 8(a) . After vacuum drying at 473 K, heat treatment at 1100 K for 1 h was carried out using the same procedure described in the previous section. In this study, the reaction product collected from the crucible is called salt-2. A portion of the obtained salt-2 was subjected to leaching. In this leaching process, the salt-2 was immersed in ethanol and then in 50 vol% acetic acid to remove salts such as MgCl 2 . The leaching residue was rinsed with distilled water, ethanol, and then acetone before it was dried in air.
Analyses
Phase identification was carried out by means of X-ray diffraction analysis (XRD analysis: Rigaku Co., Ltd., RINT 2500, Cu-K¡ radiation). To avoid reaction with the moisture in ambient air, the salt-1 and salt-2 samples were covered with a polyimide film in the glove box before XRD analysis. The chemical compositions of the obtained samples were analyzed using X-ray fluorescence spectroscopy (XRF: JEOL Co., Ltd., JSX-3100RII) and inductively coupled plasmaatomic emission spectrometry (ICP-AES: SII NanoTechnology Inc., SPS3520UV). In addition, the pH of the water through which the outlet gas was measured using a pH meter (Horiba D-54) after the chlorination experiment with the Ti rod.
Results and Discussion
4.1 Chlorination of Ti by SmCl 3 reaction mediator in molten salt As mentioned in the introduction, most of the Ti rod remained unreacted when it was heated with an excess of FeCl 2 at 1100 K ( Fig. 9(a) ) because the deposited Fe completely covered the Ti surface and acted as a strong kinetic barrier. Meanwhile, when heated in the MgCl 2 -SmCl 3 molten salt at 1100 K for 1 h, the Ti rod completely disappeared, and only a reaction product with a violet color (salt-1) was recovered from the crucible as shown in Fig. 9(c) . In Fig. 10 , the XRD pattern of salt-1 is shown with that of the MgCl 2 -SmCl 3 mixed salt. Salt-1 consisted of MgCl 2 , Sm 3 Cl 7 , and a small amount of SmCl 3 ; diffraction peaks of Ti were not observed. Figure 11 shows the reported phase diagram of the SmCl 3 -SmCl 2 system. 44) If the Ti rod was completely chlorinated into TiCl 4 according to reaction (4), the molar ratio of SmCl 3 to SmCl 2 in molten salt would be 1 : 2 based on the mass of feed materials. As shown in Fig. 11 , solid Sm 3 Cl 7 is a double salt of SmCl 3 and SmCl 2 in a molar ratio of 1 : 2 and is stable below 899 K. Thus, the presence of Sm 3 Cl 7 in the salt-1 clearly indicates that the Ti rod was chlorinated by SmCl 3 and that SmCl 2 was generated in the molten salt at 1100 K. During the heat treatment, evolution of white smoke in the water-containing trap bottle shown in Fig. 8(a) was observed. The pH of the water in trap bottle decreased to 1.6 during the chlorination experiment. As shown in Fig. 7 , TiCl 4 is highly volatile, with a vapor pressure exceeding 10 ¹2 atm even at room temperature. The evolution of white smoke and the decrease in pH of the outlet-gas-bubbled water indicate that TiCl 4 gas was generated in the carbon crucible, transported into the trap bottle, and then hydrolyzed by the following reaction:
The results obtained in this chlorination experiment indicate that Ti can be smoothly chlorinated into TiCl 4 gas by SmCl 3 in molten salt through chlorination reaction (4). However, it should be noted that not all the Ti rod sample was volatilized as TiCl 4 from the molten salt. Table 2 summarizes the masses and compositions of the samples in the carbon crucible before and after the chlorination experiment. ICP-AES revealed that salt-1 contains 1.28 mass% Ti. This means that 44% of the Ti rod sample was volatized as TiCl 4 or related volatile compounds such as TiCl 3 , and the rest remained in salt-1. The authors speculate that the residual Ti forms a subchloride as a transient species during the chlorination into TiCl 4 or forms oxides by reacting with oxygen contamination in the molten salt at 1100 K. However, the chemical state of the residual Ti in molten salt and the detailed mechanism of this phenomenon are still under investigation.
Regeneration of SmCl 3 reaction mediator by react-
ing with FeCl 2 Salt-2, which was obtained by reacting salt-1 with FeCl 2 at 1100 K for 1 h, was gray in color ( Fig. 9(d) ) and attached to a magnet. Figure 10(d) shows the XRD pattern of salt-2. The major diffraction peaks are explained by MgCl 2 and SmCl 3 . A photograph and XRD pattern of the leaching residue of salt-2 are shown in Fig. 12 . The leaching residue of salt-2 was dark gray and identified as Fe. As described in the previous section, salt-1 forms MgCl 3 -SmCl 3 -SmCl 2 molten salt at 1100 K. The XRD analyses indicate that during the regeneration experiment at 1100 K, SmCl 3 and Fe were formed by the reaction of SmCl 2 with FeCl 2 in the molten salt. Thus, it is concluded that the SmCl 3 reaction mediator in molten MgCl 2 can be regenerated by FeCl 2 according to regeneration reaction (7) . Together, the above experimental results demonstrate that SmCl 3 in molten MgCl 2 can smoothly chlorinate Ti into TiCl 4 gas and that the SmCl 2 generated in molten salt can be Expected composition change during the chlorination of the Ti rod. Fig. 11 Phase diagram of SmCl 3 -SmCl 2 pseudo-binary system. 44) The open circle indicates the estimated molar ratio of SmCl 2 to SmCl 3 in salt-1, which is evaluated based on the mass of the feed materials, assuming that the Ti rod is completely chlorinated into TiCl 4 according to reaction (4). : Calculated based on the mass of feed materials. Reaction-Mediator-Based Chlorination for the Recycling of Titanium Metal Scrap Utilizing Chloride Wasteregenerated into SmCl 3 by reaction with FeCl 2 . Hence, this novel chlorination technique for more effectively recycling Ti metal scrap and chloride waste (Fig. 3(b) ) by utilizing SmCl 3 as a reaction mediator is feasible. To further improve the proposed chlorination technique, it is essential to investigate the behavior of impurities such as O, Al, and V. Furthermore, the search for a more economical reaction mediator is also important.
Conclusions
To establish an efficient recycling process for both Ti metal scrap and FeCl x waste, the authors devised a novel Ti chlorination technique and demonstrated its feasibility. In this technique, a metal chloride dissolved in a molten salt solvent mediates the chlorination reaction between Ti and FeCl x . This allows TiCl 4 to be extracted continuously, as metallic Ti is chlorinated by a reaction mediator and the consumed reaction mediator is regenerated by FeCl x . Based on thermodynamic considerations and fundamental experiments, it was confirmed that SmCl 3 in molten MgCl 2 works as a reaction mediator at 1100 K. Although this study only establishes the fundamental feasibility of this technique, it can be concluded that the newly proposed chlorination technique will be useful for the development an efficient and environmentally friendly recycling process. 
